Abstract-The paper presents the recent research work in study of a novel multivariable coordinate control for a 600MW supercritical (SC) power plant. The mathematical model of the plant is described in the first part of the paper. Then, a control strategy is designed based on Model Predictive Control (MPC) theory. It is noticed that the linear MPC alone performs well only within limited small load changes under a constant level of disturbances and measurement noises generalized from the prediction algorithms. S o, a dynamic compensator is proposed to work in parallel with the MPC to track large load changes. Because the model has been identified with on-site closed loop response data, the multivariable optimal control signals have been used as a correction to the reference of the plant local controls instead of direct control signal applications. The simulation results show the good performance of the controller in response to the large load changes. Furthermore, it has been proved that the plant dynamic response can be improved by increasing the coal grinding capability and pulverized coal discharging through implementation of suitable coal mill controllers.
I. INTRODUCTION
Although there is a considerable renewable energy penetration to electrical power supply in recent years, coal fired power stations are still p laying a dominant role in power generation due to its large power generation capacities. It is a worldwide big challenge for how to reduce the environmental impact brought from coal fired power generation. Supercrit ical boiler technology is one of the choices implemented with the improved energy efficiency. Supercritical boilers employ higher efficient Rankine cycle due to its high operating pressure and temperature (above critical points -for water 22.06 MPa and 374.15 C° pressure and temperature respectively), leading to improved thermal efficiency, lower fuel consumption and lower CO 2 emissions. Although supercritical and ultra-supercritical coal fired power generation is becoming the main choice of power generation technology since past two decades and will become a dominant technology on the long run, there are still some concerns about adopting this technology in the UK. It is required to fulfill the Nat ional Grid Code (NGC) requirements before adopting this technology in the UK. To satisfy the NGC, the plant should provide the primary response to 0.5 Hz frequency deviation in ten seconds [1] . The paper is to study potential control strategies for improving SC power p lant dynamic responses. The first research on optimal control of SC power plants was designed in 1978 ( [2] ) with identified state space model and dynamic programming for control task formu lation. The application of nonlinear model based predictive control (NM BPC) was reported in [3] as preliminary results. Conventional dynamic matrix control (DMC) was published in [4] that was designed for SC power plants. However, conventional DMC may not work fo r the whole operating range. In [5] , a model for SC unit was reported for power system frequency simulation study. The performance of diagonal recurrent neural network for predictive control of coal fired SC and ultra-supercrit ical (USC) power plants were shown in [6] [7] [8] . This paper aims to design a coordinated control for a 600 MW SC coal fired plant with emphasis on the target of updating the reference signals of the plant local controllers. Because the model has been identified with closed loop data, the designed control signals should be used as correction to the reference of the plant local controls (the coal mill local control, the feed-water flow control, and the turbine governing system) wh ich is extremely helpful in power plant industries. The mult ivariab le control system is composed of MPC in parallel cooperation with PID fu lly coupled structure compensator. The performances of MPC are limited within small range of once through operation, not whole range of large load changes. The use of dynamic co mpensator as additional means to track large steps of load changes for more reliable power plant operation. Simu lation results have shown the applicability of the proposed method. It has been also proved that the coal mill local control of feeder speed and primary air fans have significant on the plant primary response of MW power output.
II. DESCRIPTION OF THE PLA NT PROCESS
For the power p lant process considered here, vertical spindle mills are adopted, which is a do minant type for SC coal fired power plants ( [9] [10] ). The raw coal enters the mill inlet tube and carries the coal to the middle of grinding rotating table. Hot primary air flows into the mill fro m bottom to carry the coal output from grinding process to the classifier that is a mu lti-stage separator located at the top of the mill. The heavier coal particles fall down for further grinding and the pulverized coal is carried pneumatically to the furnace. Inside the boiler, the chemical energy released fro m co mbustion is converted to thermal energy. The heat is exchanged between the hot flue gas to the water through heat exchangers. The boiler contains thin tubes as heating surfaces which form the economizers (ECON), waterwall (WW), low temperature superheater (LSH), platen superheater (PSH), final stage superheater (FSH), and reheaters (RH). The water is forced at high pressure (SC pressure) inside the economizer and passes through all those heating sections. Since pressure is above the critical point, the sub-cooled water in the economizers is transferred to the supercritical steam in the superheaters without evaporation. The SC steam is then expanded through turbines. The high pressure (HP) turbine is energized by the steam supplied at the final stage superheater and the reheaters are used to reheat the exhaust steam fro m the HP turbine before it returns to the intermediate pressure (IP) turbine. The mechanical power is converted to electrical power by a synchronous generator coupled to the turbines. The specifications for the boiler used in this study are shown in Table I . It is a comp lex system with mu lti interconnection of subsystems and components. The first task for our study is to derive the mathematical model for the process. The detailed modeling study can be found in the previously published work by the authors [9] [10] [11] . The parameters, detailed model structure and the way how the model is derived are all described in those references . The variables appeared in Fig.1 are defined in Table II.  TABLE II The coal mill model described in [9] [10] is integrated with the rest of the plant model reported in [11] . Because there are multip le mills operating in parallel in real power plants, a proportional gain is multip lied by the pulverized coal output to obtain the total pulverized coal supplied to the burners in the plant model. The heat flow is basically related to fuel flow through proportional gains (K e , K ww , K sh , and K rh ) as shown in the figure with 1 st order lag transfer function. For more details about modeling, please refer to [11] .
Finally, the whole plant mathematical model is implemented in MATLAB/SIMULINK environ ment for plant response study and the new control strategies test. Identificat ion of each subsystem parameters has been carried out using an optimization algorith m based on Genetic Algorith ms (GAs) with data recorded on closed loop operation. The model has been verified over a wide operating range. Some identification and verification results are shown in Figs.3 and 4 respectively. Genetic Algorith ms (GAs) is also used for identificat ion of mill parameters. The detailed mill parameter identification is described in [9] [10] . For the identification process, here is the data measured form the power p lants: 1) main steam temperature; 2) main steam pressure; 3) reheater pressure; 4) steam flo w rate. The measured variab le data for identification of turbine /generator parameter optimization are : 1) output power; 2) system frequency. The plant data from a 600MW SC power plant is used for identification. So me of the boiler-turbine-generator unit is reported in [11] . IV. CONTROL SYSTEM DEVELOPM ENT The system contains many complicated nonlinear processes which require great control effort to deal with. MPC is considered as one of the well recognized control technologies for industrial process applications. MPC performs the optimization task which is based on minimizing certain cost function with pre-calculated output information and the past control moves. The complete control strategy is designed as follows. The prediction of the future output with cons ideration of the output disturbance is formu lated as follo ws [14] :
A. MPC Controller Design
(33) where:
In which y(k+i|k) is the predicted output vector at instant (k+i) with the current availab le plant info rmation k, y(k+i|k)=[ y 1 (k+i|k) y 2 (k+i|k) y 3 After predicting the future behavior for a specific horizon, the next step is to calculate the optimal control moves for the vector Δu to minimize the objective function below:
The weighting coefficient matrices (Q and R), control interval (H w ), the prediction and control horizons, these parameters are used to tune the MPC and they mainly affect the performance of the controller and computation time demands. Simu lating different scenarios have been carried to decide suitable values for these parameters. The term r is a vector represents the demand outputs as references for MPC. The input/output constraints are determined according to the power plant operation restrictions, which are expressed as the maximu m and the minimu m allowable inputs:
The optimizat ion problem is constrained optimizat ion process to be solved by quadratic programming (QP) solver which is inherently built in MATLA B. Zero-order holder is used to convert the discrete time MPC actions to a continuous time signal for the plant. Finally, the steps for the proposed MPC are summarized as fo llo ws: 1-Predict the output of the plant. 2-Co mpute the errors vector for the predicted output. 3-Calculate the control shifts or changes Δu 4-Repeat the above steps for each sampling t ime.
B.
The MIMO compensator design: he plant model embeds high nonlinear features. The MPC shows good performance for limited range of oncethrough operation even with consideration of constant disturbance and measurement noises in prediction. The MIMO co mpensator is then designed by using Genetic Algorith ms for wide-range load follo wing performance. The MIMO PID with coupled structure can be designed and reported in many research articles [15] [16] [17] . The generalized form for n×n system is then described by:
K
In which the input to the transfer funtion matrix is the errors vector, the output is the signal required for the compensator. Each s function in the matrix has the normalized proportional + integral + differential parameters wh ich can be written as:
The error between the linear and nonlinear model (in this study, the nonlinear model output represents the real power plant output) is not fixed with load variation. Therefore, the use of constant disturbance in prediction of the MPC can not provide the solutions which are powerful enough for achieving the demand performance. The use of additional loops based intelligent tuning for more robust performance is justified. Then, another performance index to be minimized is written as:
The optimal control law for robust solutions becomes:
where e is the error remaining fro m plant severe nonlinearity and the subscripts to indicate the outputs responses of pressure, Power, and Temperature, respectively. w 1 , w 2 , w 3 are the weighting coefficients used in optimizat ion. In our work, the matrix K is only 3×3 matrix. The major steps performed by GA to reach the optimal solution can be found in [18] . The dynamic compensator parameters are listed in Table.III: TABLE III Feedwater flow pump u 2 Coal mill local control u 3 HP turb ine Control valve
There are other parallel schemes reported in the literature of chemical process control [19] [20] . In [19] , an adaptive neuro controller is located in parallel with MPC to increase the controller robustness while in [20] ext ra PID scheduled loops are installed in parallel with MPC to compensating the plant nonlinearity. The slow dynamics of the mill can be handled by its local control system. The control of vertical spindle mills is co mprehensively studied. The estimated amount of pulverized coal fro m the mill model is compared with the optimal demand value supplied by the optimal controller that perform two control tasks in the performance indices (4), and (6), the error is used to generate control signals to the coal feeder and primary air fan. In particu lar, one controller is used to control the primary fan speed or power output, which tunes the pulverized coal flo w rate to the furnace. Another controller is the temperature controller, wh ich regulates the hot air flow input to control the mill temperature. The complete control package is shown in fig.6 . The simu lation results are presented in the next section. Simu lation results are mentioned in t wo cases to show the performance of the control strategy proposed including the effect of milling dynamics. Case. A is with the implemented local mill controllers that are tuned and prepared to receive the optimal corrected reference fro m the optimal control strategy while Case.B is with the existing mill control system. A step change in the load demand of 100MW is applied. The temperature setpoint was 570C° and the pressure is scheduled by look-up table of the power demand input. Fro m the mentioned figures (Fig.6 , 7 , and 8), it has been observed that the primary response of the plant power is enhanced by enhancing the coal grinding performance by follo wing the load faster than case.B. Less pressure fluctuation is observed with the enhanced control. The mill variables are mentioned in Fig.9 , h igher mill pressure is created to carry more pulverized fuel to the burners, the feeder speed is increased to fill in the mill with more raw coal and keep the energy storage in the mill at desired level for giving quicker responses. This also observed in the air flow response of higher amount of air flow in Case. A. The coal mill play an important role in load follow ing capability enhancement as expected. More water is pumped to the boiler to avoid overheating the boiler surfaces due to the increased fuel firing. A mathematical model o f a coal fired supercritical power plant is described in the paper. Simu lat ion study indicates the model can predict the main dynamic response variation trends of the 600MW SC power p lant process. A coordinate control is proposed and tested through simulation study with relatively large load variations. The control considers the milling process as a key stage for power plant dynamic response improvement. Fro m the study, it is convinced that better control of the milling process can improve the power plant load following capability and/or primary response of the plant power.
